The amount of gene flow and population viscosity were studied in two red ant species, Myrmica ruginodis and M. rubra. Differentiation between populations at the local scale (within the dispersal distance of individuals) and between localities further apart was estimated using Wright's Fstatistics. Population viscosity was described using spatial autocorrelation of allele frequencies of nests. The differentiation patterns in the two species are clearly distinct, FST values being an order of magnitude larger in M. rubra (M. rubra: FST =0.205 between sites within localities and 0.199 between localities; M ruginodis: FST =0.027 and 0.014 between sites within localities, 0.009 between localities). Thus, assuming the island model, much less gene flow occurs between neighbouring M. rubra than M. ruginodis sites. Allele frequencies of nests close to each other are positively autocorrelated in both species. This suggests that new nests are commonly founded close to the mother nest, most probably by division of existing nests. M. rubra forms large multinest societies, which dominate substantial areas, whereas such multinest colonies are rare in M.
Introduction
Mutation, genetic drift and locally differing selection pressures are evolutionary factors leading to major genetic differences, and ultimately to speciation of isolated populations. Apart from these factors genetic differences may arise because of the founder effect. If local populations are founded by a small number of individuals, through bottlenecks, they may differ from their source populations because of chance (e.g. Nei, 1987) . On the other hand, dispersal of individuals prior to reproduction may lead to gene flow, which is a powerful factor opposing differentiation. Generally a very small number of migrants is enough to prevent substantial differentiation among populations (Slatkin, 1987) . Gene flow can be restricted because of subdivision of populations, where individuals move mainly within physically or otherwise separated subpopulations, or because of isolation-by-distance in a continuous population.
Social insects live in family units, colonies, where individuals are usually more related to each other than to randomly chosen individuals of the population (e.g.
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Hölldobler & Wilson, 1990) . This adds another level to the studies of genetic differentiation in addition to the conventional geographical variation among separate populations or subpopulations. Genetic differentiation between colonies can be measured as genetic relatedness within colonies (genotypic correlation between colony members; Hamilton, 1972) .
Within-colony relatedness is a central element in the kin selection theory for the evolution of altruistic behaviour (Hamilton, 1964) . Because of this most genetic studies of social insects have focused on intracolony genetics instead of differentiation at higher levels of social organization or between geographical areas.
There is a strong association between the sociogenetic organization of the colonies and means of dispersal of ants. Monogynous species (species with a single queen in each colony) generally take part in mating flights and found new colonies independently or by temporarily parasitizing colonies of alien species whereas in polygynous species (many queens in a colony) females often mate within or close to the mother colony and colonies are frequently founded by division of existing ones (Rosengren & Pamilo, 1983; Keller, 1991 A pair of closely related red ant species, Myrmica ruginodis and M. rubra, provide a possibility to test whether the sociogenetic organization of populations is associated with gene flow (Pamilo & Rosengren, 1984) . Ecological and genetic studies have previously shown that the colony types (number of queens per colony, affinity of nests) vary both within and between Myrmica species (Elmes, 1975 (Elmes, , 1980 Seppä, 1992; Elmes & Keller, 1993; Pearson & Raybould, 1993) . In this paper differentiation is studied at three levels: between nests within a site, between sites within the potential dispersal distance of sexuals and between localities covering a large geographical area. The study is based on allozyme markers, which are generally regarded as selectively neutral markers in the genome unless contradicting information is presented (Chakraborty & Leimar, 1987) . No such information is available, and therefore selection is neglected as a force leading to genetic differences between populations and the results are interpreted merely to reflect the balance between gene flow and genetic drift.
Materials and methods

Species studied
The number of queens in Myrmica is a highly variable trait both within populations, between populations and between species. In this respect M. rubra and M.
ruginodis represent the two ends of the spectrum: M. rubra usually has highly polygynous colonies whereas M. ruginodis is one of the most monogynous species of the genus. This distinction is, however, somewhat confused because of the the coexistence of two social forms of M. ruginodis. The larger macrogyna form tends to have monogynous colonies, the smaller microgyna being on average more polygynous (Elmes, 1975 (Elmes, , 1980 Elmes & Keller, 1993) . The relative frequencies of the two forms cannot be estimated from the present data.
Mating flights in Myrmica are fairly local events and long-range dispersal is thought to be rare (Elmes & Clarke, 1981; Elmes, 1991) . If gene flow is restricted, genetic differentiation is expected between both M. ruginodis and M. rubra populations. Myrmica queens, including M. ruginodis and M. rubra, are typically adopted into existing colonies (Brian & Brian, 1949 , 1955 Elmes, 1975 Elmes, , 1980 Mizutani, 1981; Kasugai et al., 1983) . Macrogyna queens of M. ruginodis, however, commonly found nests independently, either alone or in small groups (Brian & Brian, 1949 In M. rubra viscosity was studied within one site (TVP) at Tvärminne zoological station; 25 nests were found and sampled within a 10 X 20 m area. Five sites separated by 100 m to 1 km were sampled in Tvärminne. The sites were linearly located; three of them were on the mainland and two on different islands. Finally, even localities (including Tvärminne) were sampled (see Figs 1-3 and Table 1 for populations studied and sample sizes).
M. ruginodis is a very common red ant species in the Palaearctic (Elmes & Clarke, 1981) and populations in boreal forests are often dense and continuous. Sampling covered large areas up to several square kilometers and, in Tvärminne, whole islands. Habitat requirements of M. rubra are more strict and populations are usually well-defined. Sampling was consequently carried out within smaller areas. From each population a considerable number of colonies was selected (see Table 1 , for sample sizes) and a small number of workers was sampled. The total number of colonies sampled was 824 in M. ruginodis and 227 in M rubra; 6-20 workers from each colony in both species were analysed fresh or stored in -70°C up to several months before analysis. The number of workers analysed was generally equal per nest within a population, but varied between populations and species.
Electrophoresis
Worker samples were analysed using standard horizontal electrophoretic systems described in more detail by Seppa(1992) and Pamilo (1993) . The loci studied in M. ruginodis were a -glycerophosphate dehydrogenase-1 (a Gpdh-1, E.C. number: 1.1.1.8), phosphoglycerate kinase (Pgk, 2.7.2.3) and esterase-2 (Est-2, 3.1.1.1, substrate: 4-methylumbelliferryl acetate). In the Savero population peptidase (Pep, 3•4•**, substrate: glycyl-L-leucme) was also studied. For M.
rubra Est-2, Pgk, Pep and glutamate-oxaloacetate transaminase-1 (Got-I, 2.6.1.1) were examined.
Estimation of genetic differentiation
Genetic differentiation within subdivided populations is commonly described using Wright's F-statistics, where the standardized allele frequency variance among populations, FST, describes the amount of genetic differentiation between subpopulations (Wright, 1951) . FST was estimated using the method of Cockerham (1969 Cockerham ( , 1973 , which corrects for unequal sample sizes. Standard errors of the estimates were obtained by jackknifing over populations and loci and deviation from zero was determined using these values. The FST calculations were performed using B. Weir's DIPLOID,FOR computer program (Weir, 1990 ).
The island model of migration assumes that gene flow happens from any subpopulation to any subpopulation with the same probability and at an equilibrium of gene flow and genetic drift, FST is a function of the effective population size (Ne) and migration rate (m): FST 1/(1 +4Nm) (Wright, 1943) . FST can be estimated from genetic data and the number of migrating individuals (Nem) can be obtained. If FST> 0.2, there is said to be significant genetic differentiation between populations (Wright, 1943; Endler, 1977; Slatkin, 1987) .
Population viscosity within the sites studied was characterized with a spatial autocorrelation method. The spatial autocorrelation coefficient of the variable, Moran's I, is obtained by correlating the values of the variable (e.g. allele frequencies) in the contiguous pairs of nests (Sokal & Oden, 1978) . A pair of nests is contiguous if the nests are, for instance, connected with a Gabriel network. Two nests, A and B, are Gabriel- connected if all other nests are outside the circle whose diameter is the line A-B (Gabriel & Sokal, 1969) . Another way to calculate the autocorrelation coefficient is to use a distance-connected correlogram, where correlation is calculated separately for all the pairs of nests belonging to a given distance class (Sokal 
Results
All the loci studied, except a Gpdh-1 in M. ruginodis, were biallelic systems. In populations 1.1-1.7 and 2-7 (Table 2) up to three alleles were detected in a Gpdh-1, two slow ones (91 and 81) besides the common one (100). Later a fourth allele (fast, F) could be separated from the common one. Because F was most probably missed in the first populations and combined with 100, the alleles were joined also in the rest of the populations before the analyses. Furthermore, because 81 was always very rare, it was combined with 91. Allele frequencies were calculated weighting colonies equally irrespective of the number of individuals studied (Table   2 ).
Differentiation between sites and localities
In both species FST was estimated separately at two levels, between sites within Tvärminne and Hyytiälä areas and between localities. The estimates for individual loci and means over loci are presented in Table 3 . Differentiation among M. rubra sites in (Table 3) .
Viscosity of populations
Moran's autocorrelation coefficients I are shown in Table 4 for individual alleles and factor scores of principal components (PCA). Because one of the aims of this work was to study the extent of viscosity within populations, only coefficients of the shortest distances are given (Table 4 ).
In M ruginodis the first two factors of principal components explain 42 per cent and 21 per cent of the total variation. However, there is very little covariance among loci in this dataset and the first two factors describe mainly variation in two a Gpdh alleles, 100 and F, respectively. Hence PCA1 and PCA2 give a similar result concerning autocorrelation as these alleles. The most polymorphic alleles contain most information, therefore the allele 100 of a Gpdh-1 and PCA1 give the most reliable information about population viscosity. According to them both Gabriel- There were two exceptions from the general pattern in M. ruginodis. Firstly, the autocorrelation coefficient of the Gabriel-connected nests in Pep was slightly smaller than the expected. However, the coefficient was larger than the expected iii the distance class 0-2 m.
This discrepancy probably arises because in some cases Gabriel-connected nests are further apart than 2 m. A more serious problem is that Est shows highly significant negative spatial autocorrelation consistently throughout the analysis. In other genetic analyses of Est (FST-analysis in this work and relatedness calculations elsewhere; Seppä, 1992 Seppä, , 1994 and unpublished data), the Est locus gives results similar to other loci and there has been no reason to suspect that Est is not a selectively neutral marker locus. The reason for the deviating result for Est remains unknown.
M. rubra shows a similar absence of covariance among loci and the first principal component factor was 0.2 both among sites and localities, a figure which has been interpreted to indicate significant differentiation between populations (Wright, 1943; Endler, 1977; Slatkin, 1987) . This differentiation can be interpreted in terms of migration among the sites in the Tvärminne population, and the estimate of migrants, Nem, is one per generation. Hence the populations were rather isolated from each other, although they were separated by only 1 km at most. The amount of differentiation between M. ruginodis populations was much smaller and the estimates of Nem were generally more than an order of magnitude larger. In contrast to M. rubra, dispersal of M. ruginodis sexuals apparently leads to gene flow between separate subpopulations. The higher FST value in Tvarminne compared with the continuous Hyytiälä population suggests that distances between the islands in Tvàrminne form a dispersal barrier of some kind. Elmes & Clarke (1981) failed to find any substantial morphological differentiation in M. ruginodis workers between nests or between higher levels of isolation. This study shows a similar pattern at the genetic level and supports the conclusion of genetic homogeneity within the species. Elmes & Clarke (1981) further suggested that the recent expansion of the species to its present range has caused the lack of variation. Alternatively, homogeneity can be maintained by continuous gene flow between populations.
Population viscosity and colony founding
Based on autocorrelation coefficients, populations are viscous in both species suggesting limited dispersal of females. A fraction of Myrmica females apparently do not disperse but stay in the mother colony and found new nests through budding. This is supported by the fact that coexisting queens are usually related in Myrmica (Pearson & Raybould, 1993; Seppa, 1994 and unpublished data) , which in practice means that colonies do recruit their own daughters as new queens. Limited dispersal is probably mostly associated with the establishment of polydomous colonies by the splitting of existing polygynous colonies, but females could also found new nests independently in the vicinity of the parental nest. Whether the groups of nests are interconnected (polycalic) was not studied.
The mainly monogynous macrogyna form of M. ruginodis has previously been considered also as monodomous with independent colony founding (Brian & Brian, 1949 , 1955 . In contrast, the more polygynous microgyna form is known to be polydomous and to found new colonies by division of existing ones (Brian & Brian, 1949 , 1955 Kasugai et al., 1983) . The population studied in our work (Savero) is a mixture of the two forms and there are several polydomous colonies of both forms (P. Seppa, unpublished data).
In order to maintain substantial genetic differences, as observed between M. rubra sites, gene flow must be very restricted. It is possible that sexuals do not disperse from one site to another, but it is more probable that they do disperse but are actively prevented from joining the gene pool of an alien colony. This should restrict the gene flow by females, but some gene flow would be expected to be carried by males. Restricted gene flow is expected to be associated with matings between members of the same colony.
We have interpreted the FST estimates as reflecting the numbers of migrating individuals. However, it is not at all certain that the study population of M. rubra fulfils the underlying assumptions (island model, equilibrium between gene flow and drift) and the pattern of genetic differentiation can largely reflect the founding history of the subpopulations. Differences between sites agree with the interpretation that the populations are founded by very few individuals. After a successful colonization M. rubra colonies become polygynous and polydomous and seem to be able to dominate large areas just as some mound-building Formica ants do (the 'rare patch dominators', Rosengren & Pamilo, 1983) . Genetic differences between nearby M. rubra subpopulations are in fact as large as differences between colonies in the more monodomous M. (Pamilo, 1983) and Rhytidoponera sp. 12 (Crozier et a!,, 1984) . Viscosity has also been found in polydomous populations of F. exsecra (Pamilo & Rosengren, 1984) and in Lasius neglectus (Boomsma et a!., 1990) , although detected with other methods. On the contrary, no short-distance autocorrelation was found in weakly polygynous F.
fusca and F. transkaucasica. Their colonies are probably monodomous, although allele frequency differences among subpopulations and different parts of a continuous population suggested restricted dispersal (Pamilo, 1983) . Finally, based on RFLP polymorphism of mitochondrial DNA, Leptothorax acervorum nests having a common origin have been shown to be clustered. If the nests share the same genotype (haplotype), there is no doubt about the common maternal ancestor, because dispersing males cannot dilute the genetic composition of the maternally inherited mtDNA in daughter nests. This shows that dispersal of queens is restricted in L.
acervorum and nest founding is most probably dependent on budding (Stille & Stille, 1993 ).
In conclusion, M. ruginodis and M. nthra fulfil rather well the expectations of gene flow based on dispersal, sociogenetic organization and mode of nest founding outlined above. Both species are facultatively polygynous with limited dispersal during mating flights.
This results in significant genetic differentiation between populations in M. rubra and in slight differentiation in M. ruginodis. New nests of the highly polygynous M. rubra are commonly started by budding from existing ones and colonies develop into large polydomous entities in suitable habitats. Once a polydomous colony has been estabilished, gene flow at least by females is restricted and alien sexuals do not breed in the colonies. M. ruginodis employs a mixed strategy of dispersal and nest founding. Most of the colonies are monodomous, but a few polydomous ones can be found. The former colonies must have been founded independently by dispersing queens whereas the latter group also reproduces by budding.
